Introduction
============

Apoptosis is a programmed cellular process involving changes in the expression of distinct genes during cellular death.[@b1-ijn-8-4115] It is well established that the intrinsic apoptotic pathways occurring through the mitochondrial membrane are regulated by members of the Bcl-2 family,[@b2-ijn-8-4115] which consists of both repressors (*Bcl-2*, B-cell lymphoma 2 and *Bcl-XL*, B-cell lymphoma-extra large) and inducers (Bax, Bcl-2-associated X and Bak, *Bcl2* \[homologous\] antagonist/killer) of apoptosis.[@b3-ijn-8-4115] Among the crucial steps in the intrinsic pathway is an increase in mitochondrial permeability, during which the mitochondrial membrane potential collapses.[@b4-ijn-8-4115] Bcl-2 proteins appear to play a vital role in preventing the loss of cytochrome C and mitochondrial transmembrane potential during this process.[@b5-ijn-8-4115] During apoptosis, caspase-9 and Bax proteins migrate to the mitochondria[@b6-ijn-8-4115] and this is accompanied by DNA fragmentation.[@b7-ijn-8-4115],[@b8-ijn-8-4115] The Bax proteins trigger the release of cytochrome C in a dose-dependent and time-dependent manner.[@b9-ijn-8-4115] The consequence of cytochrome C release from the mitochondria is formation of channels in the mitochondrial membrane and subsequent activation of the caspase cascade.[@b9-ijn-8-4115],[@b10-ijn-8-4115]

Tumor suppressor protein 53 (p53) is a common protein, found in both cancer cells and normal cells,[@b11-ijn-8-4115] that exhibits potent transcriptional activation of genes, which are important in cell cycle arrest[@b12-ijn-8-4115] and apoptosis.[@b13-ijn-8-4115] It has been suggested that, in cancer cells, p53 induces oxidative stress via enzymes capable of increasing the steady-state level of hydrogen peroxide, a reactive oxygen species.[@b14-ijn-8-4115] Reactive oxygen species are byproducts generated during mitochondrial electron transport.[@b15-ijn-8-4115] Prolonged exposure to reactive oxygen species leads to cellular damage,[@b16-ijn-8-4115] oxidative stress, and DNA fragmentation and, thus, elicits apoptotic mechanisms.[@b17-ijn-8-4115] Activated oxygen is another reactive oxygen species produced by oxidative stress, which reacts with the double bonds of lipid hydrocarbon in the cell membrane to initiate lipid peroxidation.[@b18-ijn-8-4115] Thus, measurement of the degree of lipid peroxidation is frequently employed to determine cellular oxidant activity.[@b19-ijn-8-4115] During lipid peroxidation, malondialdehyde and hydroxyoctadecadienoic acid are produced,[@b20-ijn-8-4115],[@b21-ijn-8-4115] and both of these compounds are powerful tools in determining oxidative stress.[@b22-ijn-8-4115],[@b23-ijn-8-4115] Scavenging free radicals and protection of cell viability against toxic oxygen-derived chemical species are facilitated by glutathione.[@b24-ijn-8-4115],[@b25-ijn-8-4115] In addition, it was suggested that excessive reactive oxygen species facilitates the detachment of cytochrome C and causes dysfunction of the electron-transport chain.[@b26-ijn-8-4115] This process is necessary for its translocation into the cytoplasm through the mitochondrial pores created by proapoptotic Bcl-2 family proteins such as Bax.[@b27-ijn-8-4115]

Along these lines, several types of ferrite nanoparticles have a strong potential to be developed into anticancer delivery systems because of the fact that they can be easily internalized into cells[@b28-ijn-8-4115] to facilitate cancer cell targeting.[@b29-ijn-8-4115],[@b30-ijn-8-4115] Ni ferrite nanoparticles can destroy the ability of the cancer cell to protect itself against the toxic actions of free radicals by reducing glutathione levels, increasing catalase, superoxide dismutase, and glutathione peroxidase activity, and causing downregulation of the antiapoptotic *Bcl-2* gene.[@b31-ijn-8-4115]

We have previously determined the magnetization values of NiZn ferrite nanoparticles, showing them to be superparamagnetic at a temperature above the blocking temperature of 300 K in a zero field.[@b32-ijn-8-4115] As a result of their superparamagnetic behavior, NiZn ferrite nanoparticles now have many potential applications, including in cell imaging[@b33-ijn-8-4115] and cell therapy.[@b34-ijn-8-4115] In our previous studies,[@b35-ijn-8-4115] we have characterized NiZn ferrite nanoparticles and showed them to be toxic to HT29, MCF-7, and HepG2 cells. In the present study, the effects of NiZn ferrite nanoparticles on the generation of reactive oxygen species and their influence on glutathione and lipid peroxidation levels were determined in three cancer cell lines. This study also investigated the mechanism of action of NiZn ferrite nanoparticles, particularly with regard to the induction of cytochrome C release from mitochondria and their influence on antiapoptotic and proapoptotic protein expression.

Materials and methods
=====================

Chemicals and preparation of NiZn magnetic nanoparticles
--------------------------------------------------------

Trypsin-ethylenediaminetetraacetic acid was purchased from Invitrogen (Carlsbad CA, USA). Dimethylsulfoxide, phosphate-buffered saline, Dulbecco's Modified Eagle's Medium (DMEM), and trypan blue dye were purchased from Sigma-Aldrich (St Louis, MO, USA). NiZn ferrite nanoparticles (chemical formula Ni~0.5~Zn~0.5~Fe~2~O~4~) of 98.5% purity were sourced from Nanostructured and Amorphous Materials, Inc. (Garland TX, USA). The compound was formulated using a simple precipitation technique which utilized the nickel, zinc, and iron nitrates as precursors in a ratio of 0.5:0.5:2.0 following a technique described elsewhere.[@b32-ijn-8-4115]

Characterization
----------------

Powder X-ray diffraction patterns were recorded as previously determined[@b35-ijn-8-4115] using a Shimadzu XRD-6000 instrument (Shimadzu Corporation, Kyoto, Japan) with CuK~α~ radiation (λ = 1.5418 Å) and a dwell time of 4 degrees per minute. Ultraviolet spectra were recorded using a Lambda 900 ultraviolet visible spectrometer (Perkin Elmer, Waltham, MA, USA) with a scan speed of 250 nm per minute. The hydrodynamic size and zeta potential of an NiZn ferrite nanoparticle dispersion (1 μg of NiZn ferrite nanoparticles dispersed in 1 mL of ultradeionized water) were characterized using a ZetaSizer Nano ZS (Malvern Instruments Ltd Malvern, UK) with dynamic light scattering. In addition, transmission electron microscopy (TEM Model CM12 Philips; Eindhoven, The Netherlands) with an accelerating voltage of 120 kV and a maximum magnification limit of 660 k times, was used to determine the homogeneity of NiZn ferrite nanoparticles.

Cancer cell lines
-----------------

Three virus-negative human cancer cell lines, ie, breast adenocarcinoma MCF-7 (ATCC® HTB-22™), colorectal adenocarcinoma HT29 (ATCC® HTB-38™), hepatocellular carcinoma HepG2 (ATCC® 77400), and a breast epithelial MCF 10A (ATCC® CRL-10317™) line were obtained from the American Type Culture Collection (Rockville, MD, USA). The cells were cultured and passaged (less than 20 passages) in DMEM (Sigma-Aldrich) as an adherent monolayer of tightly knit epithelial cells.

Trypan blue exclusion assay
---------------------------

To determine the antiproliferative effect of NiZn ferrite nanoparticles, the MCF-7, HepG2, and HT29 cells were first seeded (2 × 10^4^ cells/ml in DMEM) in six-well tissue culture plates. After incubation for 24 hours to allow cell attachment, the exponentially growing cells were exposed to NiZn ferrite nanoparticles at concentrations of 10, 50, 100, and 1000 μg/mL. The plates were then incubated at 37°C in the presence of 5% CO~2~ for 12 and 36 hours. After incubation, the medium was aspirated the plates were washed with cold phosphate-buffered saline to remove dead cells, and replenished with 1 mL of 0.05% (2 mg/mL) trypsin-ethylenediaminetetraacetic acid. The plates were then incubated at 37°C for 10--15 minutes, until the majority of the cells detached as microscopically confirmed. The cells were harvested and the cell suspension was centrifuged at 1,000 rpm for 10 minutes and the supernatant discarded. The 20 μL cell suspension was then mixed with 20 μL of a 0.4% trypan blue solution, the cells were subsequently resuspended and dye-excluding viable cells were microscopically counted using a hemocytometer chamber.

Lactate dehydrogenase assay
---------------------------

A lactate dehydrogenase release assay was performed to investigate the effect of NiZn ferrite nanoparticles on cell membrane permeability in HepG2, MCF-7, and HT29 cells. The cells were seeded in 96-well culture plates at a density of 2 × 10^4^ cells/well in a 100 μL volume and allowed to grow for 18 hours before treatment. After treatment with 10, 50, 100, and 1000 μg/mL NiZn ferrite nanoparticle suspensions, the plates were incubated for 12 or 36 hours. Forty microliters of supernatant were transferred to a new 96-well to determine lactate dehydrogenase release. The total lactate dehydrogenase was determined in the original plate after the addition of 40 μL of 6% Triton X-100. A 100 μL aliquot of potassium phosphate buffer (0.1 M, pH 7.5) containing 4.6 mM pyruvic acid was mixed with the supernatant using repeated pipetting. Next, 100 μL of the same potassium phosphate buffer containing 0.4 mg/mL reduced ß-nicotinamide-adenine dinucleotide was added to the wells. The kinetic changes were read for one minute using an enzyme-linked immunosorbent assay microplate reader at a wavelength of 340 nm. This procedure was repeated with 40 μL of total cell lysate to determine the total lactate dehydrogenase in each well. The percentage of cytotoxicity produced by NiZn ferrite nanoparticles was calculated relative to absorbance (Abs) values for the untreated cells and values resulting from total lysis of cells by Triton X-100 (100% cell kill) according to the formula in [Figure 1](#f1-ijn-8-4115){ref-type="fig"}.[@b36-ijn-8-4115]

Bcl-2, Bax, p53, and cytochrome C proteins assays
-------------------------------------------------

To quantify the p53, Bax, Bcl-2, and cytochrome C proteins in the cells treated with NiZn ferrite nanoparticles, enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, MN, USA) were used to determine the change in protein concentration after 12 and 36 hours of exposure to NiZn ferrite nanoparticles according to the manufacturer's instructions; the experiments were conducted as previously described. The absorbance was estimated using a microplate reader, and the results were presented as the relative expression of treated and untreated cells.

Determination of mitochondrial transmembrane potential
------------------------------------------------------

The effect of NiZn ferrite nanoparticles on the mitochondrial membrane potential was determined by the quantity of rhodamine 123 efflux; experiments were conducted as previously described. Three microliters of a 5 mg/mL rhodamine solution were incubated with a 1 × 10^6^/mL cell suspension in phosphate-buffered saline. The rhodamine 123 efflux or retention was analyzed using FACSCalibur™ flow cytometry (Becton Dickinson, NJ, USA) and the data were analyzed using CellQuest 3.3 software (Becton Dickinson).

Determination of reactive oxygen species
----------------------------------------

For determining reactive oxygen species generation, cells treated with NiZn ferrite nanoparticles as previously described were washed with phosphate-buffered saline containing 2′,7′-dichlorofluorescein diacetate. The reactive oxygen species was allowed to oxidize 2′,7′-dichlorofluorescein diacetate to dichlorofluorescein for 10 minutes. After washing, the cells were lysed in buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl~2~, 1 mM MgCl~2~, 300 mM sucrose, 1% Triton X-100, pH 7.4). The fluorescence of the lysates was determined in a stirred quartz cuvette at 530 nm with an excitation wavelength of 485 nm. The fluorescence intensity of dichlorofluorescein is proportional to the amount of reactive oxygen species formed intracellularly.

Malondialdehyde assay
---------------------

For determination of malondialdehyde synthesis, the NiZn ferrite nanoparticle-treated cells (performed as previously described) were washed with phosphate-buffered saline, harvested, and homogenized in ice-cold 1.15% KCl. Quantification of malondialdehyde was completed by reacting with thiobarbituric acid and measuring the pink chromophore produced. The data were expressed as thiobarbituric acid-reactive substances.[@b37-ijn-8-4115]

Glutathione assay
-----------------

Lastly, the Ellman method[@b38-ijn-8-4115] was used to estimate the amount of glutathione in NiZn ferrite nanoparticle-treated cancer cells. This method is based on the reaction between the sulfhydryl group of glutathione and 5,5′-dithio-bis-2-nitrobenzoic (DTNB) acid (Ellman reagent) to produce the yellow 5-thio-2-nitrobenzoic (NTB) acid and then measured colorimetrically at 405 nm using UV-vis spectrophotometer. The results were expressed as nmol/mg cells lysate protein.

Statistical analysis
--------------------

All experiments were completed in triplicate. The data were expressed as the mean ± standard deviation and analyzed using Minitab statistical software (Minitab Inc, State College, PA, USA). Treatment effects were determined using one-way analysis of variance followed by Tukey's post hoc analysis. A value of *P* \< 0.05 was considered to be statistically significant unless indicated otherwise.

Results
=======

X-ray diffraction analysis
--------------------------

[Figure 2A](#f2-ijn-8-4115){ref-type="fig"} shows the X-ray diffraction patterns of the NiZn ferrite nanoparticles. The particles have seven characteristic peaks at 2θ = 18.3°, 30.0°, 35.2°, 38.7°, 42.1°, 57.0°, and 62.4°, which can be indexed to the (111), (220), (311), (222), (400), (511, 333), and (440) planes of a cubic cell[@b39-ijn-8-4115] with (a) lattice parameter value of 8.4 Å. The average crystal grain size was 12 nm, as calculated using the Debye-Scherrer method.

Ultraviolet absorbance analysis
-------------------------------

[Figure 3](#f3-ijn-8-4115){ref-type="fig"} shows the absorption spectrum of NiZn ferrite nanoparticles at room temperature. The maximum ultraviolet absorbance and absorption coefficient were found to be approximately 395 nm and 0.33 cm^−1^, respectively. The absorbance behavior is a result of the manifold of charge-transfer transitions between O (2p) and mixed ferrites (3d) states, ie, due to the spin-allowed charge-transfer transitions.

Size and zeta potential
-----------------------

The average hydrodynamic diameter, polydispersity index (PDI), and zeta potential for the NiZn ferrite nanoparticle suspensions were 254.2 ± 29.8 nm, 0.524 ± 0.013, and −60 ± 14 mV, respectively, as shown in [Figure 4](#f4-ijn-8-4115){ref-type="fig"}. Transmission electron microscopic image showed the lateral dimension to be 11 nm on average as previously shown.[@b35-ijn-8-4115] The TEM photograph of pure NiZn ferrite nanoparticles was shown in [Figure 2B](#f2-ijn-8-4115){ref-type="fig"}. It is apparent that NiZn ferrite nanoparticles are approximately spherical in shape with diameter ranging from 10--30 nm. In addition, most of the nanoparticles are agglomerated, and few are detached suggesting the presence of high magnetic-dipole interparticle interactions among the nanoparticles.

Inhibitory effects of NiZn ferrite nanoparticles on cancer cell growth
----------------------------------------------------------------------

The antiproliferative activity of NiZn ferrite nanoparticles was determined in cancer cells incubated for 12 and 36 hours at four different concentrations, ie, 10, 50, 100, and 1000 μg/mL. The effect of the nanoparticles on cell proliferation was analyzed using the trypan blue dye exclusion method. The maximal inhibition of all cancer cell lines upon exposure to NiZn ferrite nanoparticles was at 1000 μg/mL after 36 hours of incubation, as shown in [Figure 5](#f5-ijn-8-4115){ref-type="fig"}.

The HepG2 cells were the most sensitive to the antiproliferative effect of NiZn ferrite nanoparticles. Thirty-six hours of exposure to 10 μg/mL NiZn ferrite nanoparticles was enough to decrease the number of viable cells from 10 × 10^5^ cells/mL to 4.0 × 10^5^ cells/mL compared with 10.6 × 10^5^ cells/mL in untreated cells. The percentage survival of HT29 cells treated with 10 μg/mL NiZn nanoparticles was reduced markedly with exposure time to 95% and 68% of untreated cells after 12 and 36 hours, respectively. The MCF-7 cells were less sensitive than the HT29 or HepG2 cells. The number of viable MCF-7 cells treated with a concentration of 10 μg/mL NiZn ferrite nanoparticles for 36 hours was 10.0 × 10^5^ cells/mL while that for untreated cells was 11.8 × 10^5^ cells/mL. The HT29 and HepG2 cells were susceptible to the antiproliferative action of NiZn ferrite nanoparticles. Upon exposure to NiZn ferrite nanoparticles at a concentration of 100 μg/mL for 12 and 36 hours, the number of viable HT29 and HepG2 cells decreased sharply from 69% to 27% and from 54% to 21% of untreated cells, respectively ([Figure 5](#f5-ijn-8-4115){ref-type="fig"}).

Lactate dehydrogenase activity, which is a measure of cell membrane permeability, is another indicator of cell viability. Lactate dehydrogenase activity is measured in the incubation medium of the cell suspension as the enzyme leaks from dead cells which have lost membrane integrity. The toxic effects of NiZn ferrite nanoparticles on the cancer cells were assessed over 12 and 36 hours. NiZn ferrite nanoparticles showed time-dependent and concentration-dependent increases in lactate dehydrogenase release in the tested cancer cells ([Figure 6](#f6-ijn-8-4115){ref-type="fig"}). The lactate dehydrogenase activity assay indicated that, in the presence of 100 μg/mL NiZn ferrite nanoparticles, 47%, 34%, and 42% loss of cell viability was observed in the HepG2, MCF-7, and HT29 cells, respectively, after 36 hours, whereas exposure to 1000 μg/mL NiZn ferrite nanoparticles caused almost total cell death.

Measurement of Bcl-2, Bax, p53 and cytochrome C proteins
--------------------------------------------------------

We found that the Bcl-2 protein level reduced by more than 60% in MCF-7 cells, which was three-fold or greater than in the HepG2 (17%) and HT29 (18%) cells after 12 hours of treatment with 50 μg/mL NiZn ferrite nanoparticles compared with untreated cells ([Figure 7](#f7-ijn-8-4115){ref-type="fig"}). The NiZn ferrite nanoparticles gradually downregulated Bcl-2 protein expression in the HepG2 and HT29 cells during the 36-hour treatment, becoming significant by the end of the treatment period. In contrast with Bcl-2, Bax protein expression increased by 2--3-fold in HepG2 and HT29 cells treated with 50 μg/mL nanoparticles compared with untreated cells after 12 hours ([Figure 8](#f8-ijn-8-4115){ref-type="fig"}). However, in the NiZn ferrite nanoparticle-treated MCF-7 cells, the increase in Bax protein expression was not significant. We also determined the effect of NiZn ferrite nanoparticles on p53 protein expression using the enzyme-linked immunosorbent assay method. As shown in [Figure 9](#f9-ijn-8-4115){ref-type="fig"}, significant differences in p53 protein expression were found between untreated HT29 and HepG2 cells and those treated with 50 and 100 μg/mL NiZn ferrite nanoparticles for 36 hours. In the MCF-7 cells, significant p53 expression was only observed after treatment with 100 μg/mL NiZn ferrite nanoparticles for 36 hours. Cytochrome C release is a marker for mitochondria-related apoptosis.[@b40-ijn-8-4115] Cancer cells treated with NiZn ferrite nanoparticles exhibited a concomitant increase in cytochrome C release in a time-dependent and concentration-dependent manner ([Figure 10](#f10-ijn-8-4115){ref-type="fig"}).

Mitochondrial transmembrane potential
-------------------------------------

We elucidated the effect of NiZn ferrite nanoparticles on mitochondrial membrane potential (ΔΨm) using rhodamine 123 efflux, because apoptosis triggers a collapse of the mitochondrial membrane potential (ΔΨm). Although rhodamine 123-negative cells at 12 hours were equally distributed between untreated cells and cells treated with 10 μg/mL NiZn ferrite nanoparticles ([Figure 11](#f11-ijn-8-4115){ref-type="fig"}), at 36 hours the percentage of cells with rhodamine 123 efflux was significantly lower for untreated cells than for treated cells. The highest rhodamine retention (62%) occurred in HepG2 cells treated with 100 μg/mL NiZn ferrite nanoparticles ([Figure 11](#f11-ijn-8-4115){ref-type="fig"}).

Glutathione
-----------

Glutathione concentration was determined to assess the effect of NiZn ferrite nanoparticles on cellular metabolic function. When we examined the changes in glutathione levels in HepG2, HT29, and MCF-7 cells in the presence of 50 μg/mL NiZn ferrite nanoparticles for 36 hours, the number of glutathione-depleted cells increased by approximately 48%, 42%, and 43% compared with untreated cells, respectively. In all cancer cells, the relative reduction in glutathione concentrations was similar after treatment with 100 μg/mL NiZn ferrite nanoparticles at 12 and 36 hours ([Figure 12](#f12-ijn-8-4115){ref-type="fig"}).

Malondialdehyde
---------------

Lipid peroxidation is a reliable and useful indicator of oxidant stress in cells treated with toxicants.[@b41-ijn-8-4115] The effect of NiZn ferrite nanoparticles on cancer cell lipid peroxidation is shown in [Figure 13](#f13-ijn-8-4115){ref-type="fig"}. The malondialdehyde levels increased in a time-dependent and concentration-dependent manner. The treatment of HepG2, MCF-7, and HT29 cells with 10 μg/mL NiZn ferrite nanoparticles for 36 hours was associated with increases in malondialdehyde levels from 2.3, 1.9, and 2.3 nM/mg protein to 5.6, 3.5, and 4.0 nM/mg protein, respectively. Similarly, the treatment of HepG2, MCF-7, and HT29 cells with 50 μg/mL NiZn ferrite nanoparticles increased malondialdehyde levels from 6, 4.6, and 7.8 nM/mg protein at 12 hours to 10.6, 6.1, and 9.0 nM/mg protein at 36 hours, respectively.

Reactive oxygen species
-----------------------

Dichlorofluorescein fluorescence was used to identify intracellular mitochondrial reactive oxygen species generation in NiZn ferrite nanoparticle-treated cells. Reactive oxygen species production in the three cancer cell lines treated with 100 μg/mL NiZn ferrite nanoparticles was significantly higher than in untreated cells ([Figure 14](#f14-ijn-8-4115){ref-type="fig"}). At a dose of 50 μg/mL, NiZn ferrite nanoparticles generated a substantial increase in fluorescence intensity of reactive oxygen species in the HT29 and HepG2 cells by approximately 2--3-fold (relative to untreated) after 36 hours. In similarly treated MCF-7 cells, production of reactive oxygen species was not so substantial. The fluorescence intensity after 36 hours of treatment with 10 μg/mL NiZn ferrite nanoparticles did not increase significantly in any of the cancer cell lines ([Figure 14](#f14-ijn-8-4115){ref-type="fig"}).

Discussion
==========

Size analysis showed that the NiZn ferrite nanoparticles have hydrodynamic diameters that are much larger than those shown by transmission electron microscopy.[@b35-ijn-8-4115] Although this may suggest that NiZn ferrite nanoparticles tend to aggregate in deionized and double-distilled water, their high zeta potential of −60 mV indicates that these nanoparticles have good electrostatic repulsion characteristics and are very stable. At this zeta potential, the NiZn ferrite nanoparticles would repel particle aggregation in suspensions for long-term stability.[@b42-ijn-8-4115] Thus, the nanoparticles do agglomerate, and specifically, this agglomeration may result in immune system clearance before the particles get to the cancer cells. Immune system clearance of the nanoparticles, either due to the agglomeration or that they are not coated with polyethylene glycol or any entity that would keep macrophages from clearing the nanoparticles requires further characterization assays and investigation. Further, in a previous study, we showed that NiZn ferrite nanoparticles do not remain magnetized in the magnetic field.[@b32-ijn-8-4115] This phenomenon, termed superparamagnetism, offers advantages to the NiZn ferrite nanoparticles by reducing the tendency for particle aggregation.[@b32-ijn-8-4115] The absorption spectrum is one of the most useful tools to determine the charge-transfer transitions between different atomic states. As compared with previous studies, the higher energy absorption peak centered around 395 nm (3.14 eV) confirmed the manifold of charge-transfer transitions between O (2p) and mixed ferrite (3d) states.[@b43-ijn-8-4115]--[@b46-ijn-8-4115]

Leakage of lactate dehydrogenase is due to the loss of nicotinamide-adenine dinucleotide from oxidation to NAD^+^ and conversion of pyruvate to lactate.[@b47-ijn-8-4115] Leakage of lactate dehydrogenase is an indicator of loss of cell viability. As supported by lactate dehydrogenase results, NiZn ferrite nanoparticles inhibited cell cancer cell proliferation in a time-dependent and concentration-dependent manner, with less harm done to normal MCF 10A cells. This observation is consistent with that shown using MTT and BrdU assays in our earlier study.[@b35-ijn-8-4115] NiZn ferrite nanoparticles reduced the mitochondrial membrane potential by increasing its permeability in cancer cells. At a 10 μg/mL NiZn ferrite nanoparticle concentration, MCF-7 cells seemed to be resistant to treatment while HepG2 cells were sensitive. This difference in susceptibility can be attributed to the difference between cancer cells in the basal activity of mitochondrial organelles and antioxidant enzymes. Increasing the treatment dose of NiZn ferrite nanoparticles to 100 μg/mL disrupted the mitochondrial integrity, resulting in high leakage of lactate dehydrogenase.

The Bcl-2 family members regulate mitochondrial membrane permeability. Accumulation of Bax in the outer layer of the mitochondria will cause permeability through the formation of transition pores, resulting in release of cytochrome C and ultimately triggering mitochondrial-dependent apoptosis.[@b48-ijn-8-4115] The level of Bax and p53 expression in cancer cells treated with NiZn ferrite nanoparticles appears to increase with the inhibition of proliferation of HepG2 and HT29 cells. This is consistent with the idea that a decrease in malignant potential is caused by the induction of apoptosis via increased expression of apoptosis inducers.

Loss of mitochondrial membrane potential, which is considered to be the most important feature of the induction of the intrinsic apoptotic pathway, was determined by rhodamine 123 staining. Our results showed a significant decrease in mitochondrial transmembrane potential in HepG2 cells treated with 10 μg/mL NiZn ferrite nanoparticles. That is reflected in a loss of the ability of the cell to accumulate the cationic fluorochrome rhodamine 123 dye, which in turn caused an early time-dependent release of cytochrome C into the cytoplasm. Although rhodamine 123-negative cells were approximately equally distributed between untreated MCF-7 cells and cells treated with 10 μg/mL NiZn ferrite nanoparticles after 12 hours, the percentage of cells with rhodamine 123 efflux was significantly lower in untreated cells than those similarly treated for 36 hours. This finding suggests that NiZn ferrite nanoparticles induced apoptosis in cancer cells via the mitochondrial pathway.

The current study also showed that translocation of cytoplasmic Bax to the mitochondrial membrane at low-dose NiZn ferrite treatment in HepG2 and HT29 cells and at a high dose in MCF-7 cells was a key initiating step in apoptosis. The results suggest that the mitochondrial membrane permeability of the cancer cells treated with NiZn ferrite nanoparticles occurred through reduction of Bcl-2 activity and an increase in Bax and p53 activity. The net effect is the death of cancer cells through the activation of caspase-3 mediated by caspase-9, given that induction of apoptosis by ferrite nanoparticles is attributable to their ability to increase the expression of proapoptotic genes, such as caspase-3, caspase-8, and caspase-9 genes.[@b49-ijn-8-4115] A schematic representation of the proposed apoptotic mechanism of cancer cells due to NiZn ferrite nanoparticles was shown in [Figure 15](#f15-ijn-8-4115){ref-type="fig"}.

Leakage of cytochrome C from the mitochondria into the cytoplasm, increased production of reactive oxygen species, and depletion of cellular glutathione are associated with apoptosis of cancer cells. The reactive oxygen species produced from cancer cells treated with NiZn ferrite nanoparticles also promoted apoptosis by triggering pathways involving mitochondrial release of cytochrome C and activation of caspases. Intracellular reactive oxygen species may target cellular membrane lipids, proteins, and DNA, causing oxidative injury. As a consequence of the accumulation of reactive oxygen species and depletion of glutathione, treated cells may develop mitochondrial dysfunction with subsequent release of cytochrome C, which leads to loss of viability.[@b50-ijn-8-4115] In our study, glutathione levels were considerably reduced in the HepG2 and MCF-7 cells and slightly reduced in HT29 cells treated with 50 g/mL NiZn ferrite nanoparticles for 12 hours. By 36 hours, glutathione was further depleted, reaching a value approximately 25% lower than that in untreated HT29 cells. This suggests that NiZn ferrite nanoparticles also caused cancer cell death through oxidative stress and DNA fragmentation. NiZn ferrite nanoparticles triggered lipid peroxidation, which was accompanied by the production of reactive oxygen species. In fact, the increased production of reactive oxygen species in cancer cells is also the consequence of glutathione depletion, particularly after 12 hours of exposure to 100 μg/mL and 36 hours of exposure to 50 and 100 μg/mL NiZn ferrite nanoparticles. Further studies are required to elucidate the fate of NiZn ferrite nanoparticles after cancer cell death, whether the detoxifying machinery of normal cells can reduce the toxic load of nickel, and if there are any toxicity concerns associated with their application.

Conclusion
==========

The present study shows that NiZn ferrite nanoparticles induced apoptosis in cancer cells of epithelial origin via the caspase-3-dependent and caspase-9-dependent mitochondrial signaling pathway. NiZn ferrite nanoparticles inhibited Bcl-2, which plays an important role in countering the proapoptotic effects of Bax overexpression. NiZn ferrite nanoparticles can also elicit apoptosis principally through activation of the p53 tumor suppressor protein. The cytotoxic effect of NiZn ferrite nanoparticles was not only due to increasing cell membrane permeability, but also as a result of the induction of oxidative stress via glutathione depletion. These results unequivocally show that there is a link between NiZn ferrite nanoparticle-induced lipid peroxidation and sensitivity to nanoparticles, and this should be investigated further for potential synergistic effects between NiZn ferrite nanoparticles and chemotherapeutics to enhance the efficacy of cancer treatment.
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![Equation to determine percentage of cytotoxicity produced by NiZn ferrite nanoparticles.\
**Abbreviation:** Abs, absorbance at 340 nm.](ijn-8-4115Fig1){#f1-ijn-8-4115}

![Characterization of NiZn ferrite nanoparticles using X-ray diffractograms (**A**) and transmission electron microscopy (**B**).\
**Note:** [Figure 2A](#f2-ijn-8-4115){ref-type="fig"} reproduced with permission from Dove Medical Press. Al-Qubaisi Ms, Rasedee A, Flaifel MH, et al. Cytotoxicity of NiZn ferrite nanoparticles on cancer cells of epithelial origin. *Int J Nanomedicine*. 2013;8:2497--2508.[@b35-ijn-8-4115]](ijn-8-4115Fig2){#f2-ijn-8-4115}

![Ultraviolet-visible absorption spectra of NiZn ferrite colloidal nanoparticles in ethanol.](ijn-8-4115Fig3){#f3-ijn-8-4115}

![Particle size (**A**) and surface charge (**B**) characterization of NiZn ferrite nanoparticles.](ijn-8-4115Fig4){#f4-ijn-8-4115}

![Trypan blue exclusion assay for cell viability of (**A**) HT29, (**B**) HepG2, (**C**) MCF-7, and (**D**) MCF 10A cancer cells after 12 and 36 hours (hrs) of treatment with NiZn ferrite nanoparticles. Mean ± standard deviation (n = 3 wells/treatment). \**P* \< 0.05 compared with untreated cells.](ijn-8-4115Fig5){#f5-ijn-8-4115}

![Lactate dehydrogenase (LDH) activity was measured in (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cancer cells after 12 and 36 hours (hrs) of treatment at 10, 50, 100, and 1000 μg/ml. Data are expressed as a percentage of untreated samples (mean ± standard deviation) of three separate experiments performed in triplicate. Mean ± standard deviation (n = 3 wells/treatment). \**P* \< 0.05 compared with untreated cells.](ijn-8-4115Fig6){#f6-ijn-8-4115}

![Variations in the demotion of Bcl-2 protein in (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cells after treatment with NiZn ferrite nanoparticles (10, 50, and 100 μg/ml) for 12 and 36 hours (hrs). The Bcl-2 protein levels are shown as the relative ratios for nanoparticle-treated cells to that of untreated cells. Mean ± standard deviation (n = 3 wells/treatment). \**P* \< 0.05 compared with untreated cells.\
**Abbreviation:** Conc, concentation.](ijn-8-4115Fig7){#f7-ijn-8-4115}

![Variations in the elevation of Bax protein in (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cells after treatment with NiZn ferrite nanoparticles (10, 50, and 100 μg/ml) for 12 and 36 hours (hrs). The Bax protein levels are shown as the relative ratios for nanoparticle-treated cells to that of untreated cells. Mean ± standard deviation (n = 3 wells/treatment). \**P* \< 0.05 compared with untreated cells.\
**Abbreviation:** Conc, concentation.](ijn-8-4115Fig8){#f8-ijn-8-4115}

![Variations in the elevation of p53 protein in (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cells after treatment with NiZn ferrite nanoparticles (10, 50, and 100 μg/ml) for 12 and 36 hours (hrs). The p53 protein levels are shown as the relative ratios for nanoparticle-treated cells to that of untreated cells. Mean ± standard deviation (n = 3 wells/treatment). \**P* \< 0.05 compared with untreated cells.\
**Abbreviation:** Conc, concentation.](ijn-8-4115Fig9){#f9-ijn-8-4115}

![Variations in translocation of cytochrome C protein into the cytosol in (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cells after treatment with NiZn ferrite nanoparticles (10, 50, and 100 μg/ml) for 12 and 36 hours (hrs). The amount of released cytochrome C is shown as the relative ratio for nanoparticle-treated cells to that of untreated cells. Mean ± SD (n = 3 wells/treatment). *\*P* \< 0.05 compared with untreated cells.\
**Abbreviation:** Conc, concentation.](ijn-8-4115Fig10){#f10-ijn-8-4115}

![NiZn ferrite nanoparticles induced loss of mitochondrial transmembrane potential. The mitochondrial transmembrane potential was measured by flow cytometry using rhodamine 123 dye. Exposure of (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cells to NiZn ferrite nanoparticles (10, 50, and 100 μg/ml) for 12 and 36 hours (hrs) decreased the mitochondrial transmembrane potential. Mean ± standard deviation (n = 3 wells/treatment). \**P* \< 0.05 compared with untreated cells.\
**Abbreviations:** Conc, concentation; Rh-123, rhodamine 123.](ijn-8-4115Fig11){#f11-ijn-8-4115}

![Time course of glutathione (GSH) depletion caused by nanoparticle (10, 50, and 100 μg/ml) exposure in (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cells. The NiZn ferrite nanoaprticles-treated cells were lysed by sulfosalicylic acid and the samples were centrifuged at 10,000 × g for 5 minutes. Aliquot of 1 ml of the supernatants was added to 2 ml of Ellman's reagent and the absorbance was recorded at 405 nm after 5 minutes. Mean ± standard deviation (n = 3 times per treatment). *\*P* \< 0.05 compared with untreated cells.\
**Abbreviations:** Conc, concentation; hrs, hours.](ijn-8-4115Fig12){#f12-ijn-8-4115}

![Effect of NiZn ferrite nanoparticle dose on malondialdehyde (MDA) production in (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cell lines. Cells were exposed for 12 and 36 hours (hrs) to the indicated concentrations of nanoparticles. After changing the medium, the cells were allowed to grow for 24 hours. Malondialdehyde was then assayed in the cell pellets by the thiobarbituric acid reaction. Mean ± standard deviation (n = 3 wells/treatment). \**P* \< 0.05 compared with untreated cells.\
**Abbreviation:** Conc, concentation.](ijn-8-4115Fig13){#f13-ijn-8-4115}

![Reactive oxygen species (ROS) generation in vitro in (**A**) HepG2, (**B**) MCF-7, (**C**) HT29, and (**D**) MCF 10A cells treated with NiZn ferrite nanoparticles. Relative fluorescence intensity of sample versus control was calculated. Mean ± standard deviation (n = 3 wells/treatment). \**P* \< 0.05 compared with untreated cells.\
**Abbreviations:** Conc, concentation; hrs, hours.](ijn-8-4115Fig14){#f14-ijn-8-4115}

![Schematic representation of the response of cancer cells to the exposure to NiZn ferrite nanoparticles.\
**Notes:** As shown, treatment of cancer cells with NiZn ferrite nanoparticles increased both lipid peroxidation production and generation of reactive oxygen species (ROS) associated with the decrease of glutathione (GSH) and downregulation of Bcl-2 which in turn increased oxidative stress in the mitochondria. The oxidative stress in the mitochondrial membrane leads to the release of cytochrome C into the cytoplasm. Moreover, the oxidative stress in the cells induced cell membrane damage which increased outflow of lactate dehydrogenase (LDH) to extracellular space. The increase in p53 and Bax together with the previous biochemical events eventually results in lowering of the mitochondrial membrane potential (MMP) (by increasing the mitochondrial membrane permeability). All of these biological processes facilitate the translocation of cytochrome C from the mitochondrial intermembrane space to the cytoplasm. The released cytochrome C will complex with Apf-1 and caspase-9 to form an apoptosome. Apoptosomes then activate caspase-3 and then subsequently activates other caspases in the cytoplasm, which triggers cell death and DNA fragmentation of cancer cells.](ijn-8-4115Fig15){#f15-ijn-8-4115}
